A global treatment of reported microwave, millimeter-wave, and Fourier-transform far-infrared (FIR) spectra of the C-13 isotopic species of methanol has been carried out for the first two torsional states ( n t Å 0 below the barrier and n t Å 1 straddling the barrier) of the ground vibrational state. 42-57 (1984)). A convergent global fit was achieved using 55 adjustable and 2 fixed parameters to reach an overall weighted standard deviation of 0.962, giving further confirmation that a traditional onedimensional internal rotation model can accurately describe methanol energy levels up through the first excited torsional state. Our new parameters for C-13 methanol are compared to previous global fitting results for the normal 12 CH 3 OH isotopomer. Calculations employing these parameters reveal possible C-13 assignments for 28 lines appearing in natural abundance in a newly measured methanol microwave atlas from 7 to 200 GHz compiled by the group at Toyama University in Japan.
I. INTRODUCTION
nian ( 2 ) previously applied to MMW and sub-MMW spectra of both the normal 12 CH 3 OH species and the This paper describes a detailed analysis of reported 13 CH 3 OH isotopomer ( 3 ) . spectroscopic data for the ground vibrational state of the As the extensive atlases of spectral data have been created C-13 isotopic species of methyl alcohol. Methanol has for methanol and its isotopomers, in particular by Fourierattracted consistent attention from spectroscopists in the transform (FT) techniques, the knowledge of the Hamiltomicrowave ( MW ) , millimeter-wave ( MMW ) , far-infra-nian needed to properly represent the methyl rotor largered ( FIR ) , and infrared ( IR ) regions for many years, be-amplitude internal rotation has also steadily increased. cause it is one of the simplest molecules exhibiting large-Global studies on acetaldehyde (CH 3 CHO) showed (4) that amplitude internal rotation yet continues to present fasci-an extended one-dimensional torsion-rotation Hamiltonian, nating theoretical and experimental challenges. The dis-expressible as a matrix of terms involving appropriate prodcoveries of numerous methanol FIR laser lines optically ucts of torsional and rotational operators, is capable of hanpumped by CO 2 lasers plus astronomical observations of dling strong torsion-rotation coupling and can yield a satis-CH 3 OH and 13 CH 3 OH widely distributed in interstellar factory fit to a large, combined MW, MMW, and FIR data clouds have maintained and heightened this spectroscopic set involving levels below and immediately above the top interest. Investigations have also extended to other metha-of the torsional barrier. The model and program have renol isotopic species, such as CH 3 18 OH, CD 3 OH, 13 CD 3 OH, cently been tested on a second molecule, CH 3 OH, and gave a and CH 3 OD, and large bodies of data over wide spectral very satisfactory global analysis of both frequency-measured regions have been obtained and analyzed by a variety of and Fourier transform data to within the assigned measuremethods for all of the isotopomers. The present work deals ment uncertainties (5-6). with global analysis of the MW, MMW, and FIR data for
The present work on the global fitting of reported data 13 CH 3 OH in the first two torsional states ( n t Å 0 and 1 ) for the C-13 species of methanol continues this line of invesof the ground vibrational state. All reported transitions tigation with three principal aims: (i) to supply further evifor C-13 methanol involving J quantum numbers up to dence that the model and program can accurately describe 20 have been analyzed using a global fitting program ( 1 ) the torsion-rotation energy manifold for both A and E symmetries for levels up to and just above the top of the barrier; based on the one-dimensional torsion -rotation Hamilto-XU, WALSH, AND LEES
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(ii) to compile data for a comprehensive review of methanol 2 fixed parameters. The 725 MW and MMW lines given {50 kHz measurement uncertainty were fitted with a microwave spectra, energy levels, and linestrengths for astrophysical applications (7); and (iii) to obtain fundamental weighted RMS error of 0.972, and the 6283 FTFIR lines with {6 MHz uncertainty were fitted with weighted RMS molecular parameters for 13 CH 3 OH for comparison with normal 12 CH 3 OH and other isotopic species in future in order error of 0.956. Table 2 presents the parameters from our best fit arranged by increasing order of torsion-rotation operto explore the mass dependence and the physical origins of the parameters.
ator. The overall order is n å l / m, where l is the order of the torsional factor, and m is the order of the rotational factor (10). For comparison, Table 2 also includes the results
II. GLOBAL FIT
from the previous n t Å 0 and 1 fit of normal methanol (5) 1. The n t Å 0 and 1 Data Set obtained using the same program and procedure. In contrast to the case of 12 CH 3 OH (5, 6), we had no The final data set that we adopted for 13 CH 3 OH consists difficulty in fitting high-K energy stacks even though fewer both of frequency-measured MW and MMW lines and of parameters were included. This reflects the fact that our Fourier-transform FIR lines in the quantum number ranges 13 CH 3 OH data set has few high-accuracy frequency-mean t £ 1 and J £ 20 for all available K states of A and E sured transitions at high K, whereas for 12 CH 3 OH many teratorsional symmetries. Following the approach for the hertz-frequency b-type lines involving high-K and high-J CH 3 OH global fits, we used the same J quantum number quantum numbers were measured precisely with tunable FIR cutoff for 13 CH 3 OH for ready comparison. The FTFIR lines techniques. Since the ratio of measurement uncertainties beincluded in the global fit are from Ref. (8) while the MW tween the frequency-measured lines (50 kHz) and the Fouand MMW lines were taken from the NIST MW data center rier-transform FIR transitions (6 MHz) is 1/120, the former compilation (9) plus the data of Anderson et al. recently constrain the parameters much more rigorously than the latreviewed in Ref. (3) . All MW and MMW lines were as-ter. Therefore, most of the high-order parameters are defined signed a {50 kHz uncertainty with the exception of a few by the frequency-measured transitions rather than the FTFIR K-doublet transitions which were assigned {100 or {200 transitions. However, the FTFIR transitions with their wide kHz uncertainties. All of the FTFIR lines were assigned a quantum number range play an important role in damping uniform uncertainty of {0.0002 cm 01 Å {6 MHz. The final wide excursions of the least-squares fit and enhancing its data set contained a total of 7008 lines including 725 MW stability. As seen from Table 2 , most of the high-order paand MMW lines and 6283 FTFIR lines. A few assigned MW rameters are similar for the two species except for D ab with and MMW lines were not included in the fit because the operator Pg 2 {P a ,P b } which changes sign and DD ab with (n obs 0 n calc ) residuals were unreasonably high or because operator Pg 4 {P a ,P b } which has a large change in value. they had multiple assignments. A number of FTFIR lines The latter features again have a close connection to the input were omitted as well due to overlapping in the FIR spectra. data structure. The data set for 13 CH 3 OH has fewer DK Å The scope of our final data set is outlined in Tables 1a, 1b, { 1 frequency-measured transitions than that for 12 CH 3 OH, and 1c, with the transition quantum number ranges listed so fewer parameters with operators of the type Pg 2 , according to K subband for n t Å 0 R 0, 1 R 1, and 1 R 0 {P a ,P b }, or (1-cos 3g) are required to achieve a good fit. torsional bands, respectively. These tables serve as a guide In other words, the high-order parameters related to the Pg 2 to the likely accuracies of line frequencies calculated from and {P a ,P b } operator may not yet be reliably determined the final parameter set presented in Table 2 . For the quantum for 13 CH 3 OH due to the limited range of high-precision meanumber ranges covered in this work, the accuracies of the surements. predicted lines will be either Ç50 kHz or Ç6 MHz deThe two terms which had to be held fixed in the C-13 fit pending on whether frequency-measured or Fourier-trans-were V 9 (1-cos 9g)/2, the third Fourier term in the expansion form FIR data were fitted in the original data set. The uncer-of the torsional potential, and K 6 {(1-cos 3g),P a 3 Pg}. Attainties in calculated frequencies increase sharply as J rises tempts were made to float these parameters, but this always above the J max upper limit listed.
led to divergent results. Thus, they were simply constrained at the values obtained for normal 12 CH 3 OH (5).
Overall Fit Results and Parameters
It is appropriate to compare our parameters in Table 2 to those from the earlier detailed analysis by Anderson et al. As with other multiparameter least-squares fits, the questions of when to stop trials and how to choose the best set (3). However, their Hamiltonian included a somewhat different selection of higher-order terms, notably a number of of final parameters are open to debate. We gained experience through considerable trial and error, and were able to achieve 8th order terms, and they fitted the data for A and E torsional symmetries independently as opposed to our fully global a satisfactory convergent global fit with an overall unitless weighted standard deviation of 0.962 using 55 adjusted and approach. In their fit to the A symmetry substate, 45 parame- tions. Also, for some lines in our fit which showed relatively Tables 3a and 3b present the n t Å 0 R 0 and 1 R 1 MW large residuals, the new measurements give much smaller (n obs and MMW transitions considered in this work, arranged by 0 n calc ) differences. Thus, further improvement in the overall K R KЉ subbands, together with the (n obs 0 n calc ) residuals fit should be achievable. We list in Table 4 a few sample and the original literature references (11-17). Thirty-three of literature lines believed to have substantial measurement error the lines included in Tables 3a and 3b are new C-13 transitions and compare them with the new Toyama results. observable in natural abundance (1.1% for C-13) in a CH 3 
OH
Using the parameters from our final converged fit in Table  MW atlas from 7 to 200 GHz newly measured by the group 2, we carried out a general prediction of 13 CH 3 OH transitions at Toyama University (17) . As well, about 150 other 13 CH 3 OH up to quantum number limits of n t Å 1, K Å 14, and J Å transitions previously reported in the literature and listed in 26. Line intensities and predicted uncertainties were also calculated. The quoted uncertainties are twice the standard Tables 3a and 3b can be seen in the Toyama CH 3 OH MW atlas. Several of these literature lines, marked with an asterisk deviations from the least-squares analysis (i.e., 95% confidence levels) and were derived from the variance-covariin our tables, had been removed from our fit because they violated closed-loop combination relations or had multiple as-ance matrix described by Kirchhoff (18 predictions suggest that an additional 28 weak lines ap-subbands included in our data set indicated by arrows. On the scale of the diagrams, the ground state n t Å 0 curves pearing in the new CH 3 OH MW atlas from Toyama University can be assigned as 13 CH 3 OH impurity transitions present appear as relatively smooth parabolas, but the n t Å 1 curves are distinctly irregular with the much larger variations in in natural abundance. The 28 frequencies with their proposed new 13 CH 3 OH assignments are listed in Table 5 with pre-torsional energy. Up to K Å 7, the n t Å 0 levels lie below the n t Å 1 curves; however, for n t Å 0 levels with K § dicted uncertainties and calculated (n obs 0 n calc ) differences. It is seen that the n t Å 0 K Å 02 R 1 E Q-branch transitions 8, the torsional states start to overlap and accidental neardegeneracies and level-crossings become possible. Matrix are observed to very high J values. It should be noted that a similar general prediction was done for normal 12 CH 3 OH elements of the terms of Table 2 can then couple close levels and induce significant energy perturbations. However, with the parameters from Ref. (5) and none of the 28 lines because the model employed here fits both n t Å 0 and n t Å in Table 5 appear in that 12 CH 3 OH prediction. 1 states globally, our parameters should account for any such shifts in detail and still reproduce all of the perturbed lines
III. COMMENTS ON THE ENERGY STRUCTURE
to within experimental uncertainty.
AND PERTURBATIONS
The first such Dn t Å 1 interaction to be observed experiIn gauging the success of the present global fit in treating mentally in the spectrum was the DK Å 4 J-localized the torsion-rotation spectrum of 13 CH 3 OH, it is interesting resonance between the ( n t , K ) Å (1, 5 ) and (0, 9) A levels to examine the stringent tests of the fitting procedure which ( 19 ) seen to be nearly degenerate in Fig. 1 ( a ) . This is a arise due to perturbations within the torsion-rotation energy level-crossing resonance in which the J-stack of ( 0, 9 ) A manifold. In Fig. 1 , the torsion-K-rotation energy level dis-levels overtakes and passes the ( 1, 5 ) A level J-stack at J Å 18. The J Å 18 levels are pushed apart by about tributions are shown for A, E 1 , and E 2 symmetries with the Table 2 GLOBAL FIT OF TORSION-ROTATION TRANSITIONS FOR 13 0.009 cm 01 while the J Å 17 levels are perturbed in the substates and is very large compared to the estimated 0.0002 cm 01 FTIR uncertainty. However, our ( n obs 0 n calc ) opposite directions by about 0.003 cm 01 . Thus, for both the ( 1, 5 ) A and ( 0, 9 ) A substates, the relative shift residuals for transitions connected to the ( n t , K, J ) Å ( 1, 5, 17 ) , ( 1, 5, 18 ) , ( 0, 9, 17 ) and ( 0, 9, 18 ) A levels show between J Å 17 and J Å 18 levels is approximately 0.012 cm 01 . This will appear in every subband involving those no unusual behavior at all, confirming that the substantial Table 3 Note. J Å total angular momentum; K Å projection of J along the a-axis; P Å ''parity'' from Ref. (2); Unc Å measurement uncertainty, assigned here for weighting purposes in the global fit; * in the Unc column indicates transitions not included in the fit; O-C Å observed minus calculated residual from the global fit. References: A, (11); B, (12); C, (13); D, (14) ; E, (15); F, (16); G, (17) . perturbations induced by this Dn t Å 1, DK Å 4 resonance squares residuals for subbands connected with these states appear anomalous; hence all of the perturbations are properly are accurately reproduced by the global fit.
Inspection of Fig. 1 shows that similar near-degeneracies accounted for by the fit. (DE õ 2.5 cm 01 ) and level-crossing resonances are expected with DK Å 3 coupling between the (n t , K) Å (0,
IV. DISCUSSION AND CONCLUSIONS
12) and (1, 9) E 1 states and DK Å 5 coupling between the (0, 8) and (1, 3) E 2 and (0, 9) and (1, 4) E 2 pairs of states.
In this work on the ground state { n t Å 0 / n t Å 1} spectrum of the 13 The sum of torsional and K-rotational contributions to n t Å 0 and 1 energy levels of C-13 methanol plotted against rotational quantum number K for (a) A torsional symmetry, (b) E 1 symmetry, and (c) E 2 symmetry. Transitions corresponding to the DK Å {1 b-type subbands included in our global data set are shown as arrows. The global fit also included Dn t Å 0, DK Å 0 a-type subbands, which are not shown. Forbidden subbands induced by perturbations are shown with dashed arrows, except for the asymmetry-induced n t Å 0, K Å 02 R 1 E subband crossing from the E 1 to the E 2 diagram (E levels with negative K are equivalent to /K E 2 levels). Possible interactions are A } A and E } E, and are expected to be largest for near-degenerate level pairs, such as (n t , K) Å {(1, 8) and (1, 9)} for the A torsional species and {(1, 10) and (1, 11)} for the E 1 species. Interactions with large DK also occur between accidentally near-degenerate levels such as the ( n t , K) Å {(0,9) and (1, 5)} A, {(1, 6) and (1, 8)} E 1 , {(0, 12) and (1, 9)} E 1 , {(1, 3) and (0, 8)} E 2 and {(1, 4) and (0, 9)} E 2 level pairs.
tal uncertainty by a torsion -rotation model including 55 up to the fourth order. The parameters which do show a significant change involve the P b or P c operators for nonaxial adjustable and 2 fixed parameters. Terms were included in the model up to the sixth order in the torsion -rotation rotational momentum.
In the future, we plan to extend our study both vertically operators. The successful convergence of the fit with a unitless weighted standard deviation of 0.962 shows that to higher torsional states and laterally to different isotopic species. Vertically, we will bring in torsional states with n t § the extended one-dimensional internal rotation model is adequate to treat torsional levels below and in the vicinity 2 in order to test the Hamiltonian model over a wider range of energies extending upward into the near free-rotor regime. of the top of the torsional barrier potential. The DK Å 1 to DK Å 5 perturbations induced by Dn t Å 0 and Dn t Å Laterally, we will move to investigate other isotopomers, such as CD 3 OH and 13 CD 3 OH, in order to establish more clearly the 1 resonances between pairs of near-degenerate states are accurately reproduced by the model, showing that the cou-mass-dependence of the parameters and to seek quantitative understanding of their physical origins. Both areas also provide pling interactions must all be accounted for by the terms included in the Hamiltonian.
new possibilities for torsion-mediated resonances and perturbations, which are of great current interest in understanding enThe close agreement among the final parameter sets obtained here for 13 CH 3 OH and previously for normal 12 CH 3 OH ergy transfer channels and mechanisms for intramolecular vibrational energy redistribution (IVR). Moving upward in n t (5, 6) is encouraging, and reinforces confidence in the reliability of the parameters. The consistency between the two will increase the complexity and degree of overlap of the energy structure and enhance the chances for level-crossings, independent global fits also suggests that the least squares process has found the appropriate minimum. Since the car-while a change to different isotopomers can shift the quantum numbers for the resonances and thereby serve to probe the Jbon atom lies close to the a-axis of the molecule, the substitution of 13 C for 12 C should have little influence on constants and K-dependence of the functional form of the interactions.
With the further perturbations we expect to observe in multiplying purely axial Pg and P a angular momentum operators or the (1-cos 3ng) barrier terms. Our parameter com-future as our studies are extended, we plan a systematic search for those source terms in the Hamiltonian which parison in Table 2 shows this generally to be true, at least
FIG.1-Continued
give rise to the interactions. By fitting a data set from insights to apply to the corresponding processes for IVR coupling among the excited vibrational states also. which all transitions perturbed by a given interaction have been removed and looking to see which particular parameters change significantly, we may be able to isolate specific
